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(57) ABSTRACT

A silicon carbide semiconductor device includes: a silicon
carbide semiconductor layer; and an electrode layer in con-
tact with the silicon carbide semiconductor layer. In a case
where the electrode layer is equally divided into two in a
thickness direction in one cross section of the electrode layer
in the thickness direction to obtain a first region facing the
silicon carbide semiconductor layer and a second region
opposite to the silicon carbide semiconductor layer, an area of
a carbon portion containing the carbon in the first region is
wider than an area of the carbon portion in the second region.
At an interface region located up to 300 nm from an interface
between the silicon carbide semiconductor layer and the elec-
trode layer, the carbon portion includes a plurality of portions
disposed with a space interposed therebetween, and a ratio of
area occupied by the carbon portion is not more than 40%.

3 Claims, 13 Drawing Sheets




U.S. Patent

FIG.1

May 3, 2016 Sheet 1 of 13

US 9,331,164 B2

11

89

-~ 101

R ORI ENOR BT

T P2



US 9,331,164 B2

Sheet 2 of 13

May 3, 2016

U.S. Patent

¢'Old



US 9,331,164 B2

Sheet 3 of 13

May 3, 2016

U.S. Patent

gwfi -

mw m N RN N

£0ld



U.S. Patent May 3, 2016 Sheet 4 of 13 US 9,331,164 B2

FIG.4
- 102
101
}
100
FIGS
BRIGHTNESS FOR G BRIGHTNESS FOR Nisi
g B
10600
2000
80060
7000
THE 8000
NUMBER 5000
OF PIXELS 4000
3004
2000
1000
TR L

¢ 0 & 15 20 25 30 35 4D 45 50 55 80 85 70 75 80 85 40 §5 {00
BRIGHTKESE (RELATIVE VALUES



U.S. Patent May 3, 2016 Sheet 5 of 13 US 9,331,164 B2

FIG.7

FIG.8

gGSum  CK



U.S. Patent May 3, 2016 Sheet 6 of 13 US 9,331,164 B2

FIG.9

FIG.10
BRIGHTNESS FOR G BRIGHTNESS FOR Nisi
-5 Cod

8000
5000

4000
THE
NUMBER 3000
OF PIXELS

2000

1000

nnliiil””m !‘I,l,"'.’n

-----------------------------

G § 1015 20 25 30 35 40 45 50 55 60 85 70 75 8O 85 50 85 100
BRIGHTNESS (RELATIVE VALUE)



US 9,331,164 B2

Sheet 7 of 13

May 3, 2016

U.S. Patent

A1

FIG

NiK

GB5um

FIG.13




U.S. Patent May 3, 2016 Sheet 8 of 13 US 9,331,164 B2

FIG.14

FIG.15

BRIGHTNESS FOR G BRIGHTNESS FOR NiSi
- o

7000
6000
5000

THE ,
NUMBER 4000
OF PIXELS .00

9000

1000

,ﬂ[ m

O S 0 15 20 25 50 35 4D 45 0 55 60 £5 70 76 B0 o B3 55 T00
BRIGHTNESS (RELATIVE VALUE)




US 9,331,164 B2

Sheet 9 of 13

May 3, 2016

U.S. Patent

i K

8 um

18

FIG.

CK



U.S. Patent May 3, 2016 Sheet 10 of 13 US 9,331,164 B2

F1G.19
IR
F1G.20
BRIGHTNESS F%R ¢ 8?2?&%;:?1\%&33 FOR NiSi

8000
1300
6000

THE 5000

NUMBER

OF PIXELS
3000
2004
1000 i

3 - ”u'l)}i”}g]‘“. .Il.l(lf(ﬂ.l(l{:.y.r ’

0 5 1015 20 25 30 35 40 45 50 55 B0 €5 70 75 &0 &5 90 95 100
BRIGHTNESS (RELATIVE VALUE)



U.S. Patent May 3, 2016 Sheet 11 of 13 US 9,331,164 B2

FI1G.21

FI1G.22

FI1G.23




U.S. Patent May 3, 2016 Sheet 12 of 13 US 9,331,164 B2

F1G.24

iR




U.S. Patent May 3, 2016 Sheet 13 of 13 US 9,331,164 B2




US 9,331,164 B2

1
SILICON CARBIDE SEMICONDUCTOR
DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present disclosure relates to a silicon carbide semicon-
ductor device.

2. Description of the Background Art

U.S. Pat. No. 7,547,578 discloses a backside electrode is
formed on a grinded surface. Japanese Patent Laying-Open
No.2011-171551 discloses a backside electrode mainly com-
posed of nickel (Ni).

It is suggested that carbon (C) in the SiC is diffused in the
electrode (see L. Calcagno et al., “Effects of annealing tem-
perature on the degree of inhomogeneity of nickel-silicide/
SiC Schottky barrier” Journal of Applied Physics 98, 023713
(2005); doi: 10.1063/1.1978969, and E. Kurimoto et al.,
“Raman study on the Ni/SiC interface reaction” Journal of
Applied Physics 91, 10215 (2002); doi: 10.1063/1.1473226).

SUMMARY OF THE INVENTION

A silicon carbide semiconductor device according to one
embodiment of the present disclosure includes: a silicon car-
bide semiconductor layer; and an electrode layer in contact
with the silicon carbide semiconductor layer. At least a por-
tion of the electrode layer contains carbon. In a case where the
electrode layer is equally divided into two in a thickness
direction in one cross section of the electrode layer in the
thickness direction to obtain a first region facing the silicon
carbide semiconductor layer and a second region opposite to
the silicon carbide semiconductor layer, an area of a carbon
portion containing the carbon in the first region is wider than
an area of the carbon portion in the second region. In the one
cross section of the electrode layer in the thickness direction,
at an interface region located up to 300 nm from an interface
between the silicon carbide semiconductor layer and the elec-
trode layer, the carbon portion includes a plurality of portions
disposed with a space interposed therebetween and a ratio of
area occupied by the carbon portion is not more than 40%.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross sectional view showing one
example of a configuration of a silicon carbide semiconductor
device according to one embodiment of the present disclo-
sure.

FIG. 2 is a schematic partial cross sectional view showing
one example of a configuration of an interface between a
silicon carbide semiconductor layer and an electrode layer.

FIG. 3 is a schematic partial cross sectional view showing
another example of the configuration of the interface between
the silicon carbide semiconductor layer and the electrode
layer.

FIG. 4 shows an HAADF image showing an interface
between a silicon carbide semiconductor layer and an elec-
trode layer in a sample 1.

FIG. 5 shows a frequency distribution of brightness in the
interface region of FIG. 4.

FIG. 6 shows an element mapping result for Si in FIG. 4.

FIG. 7 shows an element mapping result for Ni in FIG. 4.

FIG. 8 shows an element mapping result for C in FIG. 4.

FIG. 9 shows an HAADF image showing an interface
between a silicon carbide semiconductor layer and an elec-
trode layer in a sample 2.
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FIG. 10 shows a frequency distribution of brightness in the
interface region of FIG. 9.

FIG. 11 shows an element mapping result for Si in FIG. 9.

FIG. 12 shows an element mapping result for Ni in FIG. 9.

FIG. 13 shows an element mapping result for C in FIG. 9.

FIG. 14 shows an HAADF image showing an interface
between a silicon carbide semiconductor layer and an elec-
trode layer in a sample 3.

FIG. 15 shows a frequency distribution of brightness in the
interface region of FIG. 14.

FIG. 16 shows an element mapping result for Al in FIG. 14.

FIG. 17 shows an element mapping result for Si in FIG. 14.

FIG. 18 shows an element mapping result for C in FIG. 14.

FIG. 19 shows an HAADF image showing an interface
between a silicon carbide semiconductor layer and an elec-
trode layer in a sample 4.

FIG. 20 shows a frequency distribution of brightness in the
interface region of FIG. 19.

FIG. 21 shows an element mapping result for Si in FIG. 19.

FIG. 22 shows an element mapping result for Niin FIG. 19.

FIG. 23 shows an element mapping result for C in FIG. 19.

FIG. 24 is a schematic view for illustrating a configuration
of' sample 1.

FIG. 25 is a schematic view for illustrating a configuration
of sample 2.

DETAILED DESCRIPTION OF THE INVENTION

U.S. Pat. No. 7,547,578 and Japanese Patent Laying-Open
No.2011-171551 disclose laser annealing as means for bring-
ing the backside electrode and the SiC substrate into ohmic
contact with each other. Furthermore, these documents dis-
close laser irradiation condition, temperature condition, and
the like suitable therefor.

However, absorption of energy in the laser applied surface
is changed every time due to a difference in pretreatment
condition before the electrode formation, a difference in
unevenness in laser applied surface, or a difference electrode
formation condition or the like. Further, the laser annealing
provides local heating for a short period of time as compared
with normal lamp annealing or the like, so that it is not easy to
measure the temperature of the heated portion precisely.
Therefore, only by simply defining these conditions, it is
difficult to form an ohmic electrode having a low resistance
with good reproducibility by means of the laser annealing.

L. Calcagno et al., suggests that during ohmic annealing, a
metal element (for example, Ni) of the electrode reacts with
SiC to form silicide and C is separated from SiC and is
diffused in the electrode. Further, E. Kurimoto et al., reports
that the diffused C forms a cluster (hereinafter, also referred
to as “carbon cluster” or “C cluster”).

However, the present inventor has fully examined an elec-
trode interface after laser annealing and found that with the
laser annealing, C separated from SiC is not diffused in the
electrode and is likely to remain at an interface between the
SiC substrate and the electrode and small C clusters are aggre-
gated into a layer at the interface, thus resulting in an
increased contact resistance.

In view of such a current circumstance, it is an object to
provide a silicon carbide semiconductor device allowing for a
low contact resistance between a silicon carbide semiconduc-
tor layer and an ohmic electrode.

Description of Embodiments of the Present
Disclosure

First, embodiments of the present disclosure are listed and
described. In the description below, the same or correspond-
ing elements are given the same reference characters and are
not described repeatedly.
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[1]A silicon carbide semiconductor device according to
one embodiment of the present disclosure includes: a silicon
carbide semiconductor layer 100; and an electrode layer 101
in contact with silicon carbide semiconductor layer 100. At
least a portion of electrode layer 101 contains carbon. In a
case where electrode layer 101 is equally divided into two in
a thickness direction in one cross section of electrode layer
101 in the thickness direction to obtain a first region rl facing
silicon carbide semiconductor layer 100 and a second region
r2 opposite to silicon carbide semiconductor layer 100, an
area of a carbon portion 2 containing the carbon in first region
rl is wider than an area of carbon portion 2 in second region
r2. In the one cross section of electrode layer 101 in the
thickness direction, at an interface region IR located up to 300
nm from an interface between silicon carbide semiconductor
layer 100 and electrode layer 101, carbon portion 2 includes
a plurality of portions disposed with a space interposed ther-
ebetween, and a ratio of area occupied by carbon portion 2 is
not more than 40%.

The carbon portion represents a region composed of car-
bon and having an area that can be measured in the one cross
section of the electrode layer in the thickness direction.

In the description above, carbon portion 2 is mostly dis-
tributed on the SiC semiconductor layer 100 side in the one
cross section of electrode layer 101 in the thickness direction.
However, carbon portion 2 includes the plurality of portions
disposed with a space interposed therebetween. That is, the
carbon portion is diffused without being aggregated into a
layer. Accordingly, via carbon portion 2, electrode layer 101
and the SiC semiconductor layer 100 can be in ohmic contact
with each other.

When viewing the present disclosure from another per-
spective, the silicon carbide semiconductor device includes:
silicon carbide semiconductor layer 100; and electrode layer
101 in ohmic contact with silicon carbide semiconductor
layer 100. In the silicon carbide semiconductor device, car-
bon clusters 1 may be contained in electrode layer 101 at
interface region IR located up to 300 nm from the interface
between silicon carbide semiconductor layer 100 and elec-
trode layer 101. A ratio of area occupied by carbon clusters 1
in interface region IR may be not less than 10% and not more
than 40%.

In the silicon carbide semiconductor device described
above, C separated from SiC is contained in electrode layer
101 as C clusters 1 rather than an aggregate in the form of a
layer. Further, in the cross section of electrode layer 101 in the
thickness direction, the ratio of area occupied by C clusters 1
is not less than 10% and not more than 40% in interface region
IR located up to 300 nm from the interface between SiC
semiconductor layer 100 and electrode layer 101.

Here, the “carbon (C) clusters” refer to a carbon portion in
the form of clusters. A C cluster is an aggregate constituted of
about 100 or more carbon atoms and having an aspect ratio
(longer diameter/shorter diameter) of not less than 1 and not
more than 5 in the cross section of electrode layer 101 in the
thickness direction.

It can be recognized that the ratio of area occupied by C
clusters 1 is an index indicating a degree of C clusters 1
diffused in electrode layer 101. According to research by the
present inventor, when the ratio of area is less than 10%, C
clusters 1 are diffused insufficiently, are formed into an aggre-
gate in the form of a layer at the interface between SiC
semiconductor layer 100 and electrode layer 101, and are
segregated, whereby the ohmic contact between SiC semi-
conductor layer 100 and electrode layer 101 may be hindered.
Moreover, when the ratio of area is more than 40%, C clusters
1 serving as a resistance component are excessively distrib-
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4

uted in electrode layer 101, thereby increasing electric resis-
tance of electrode layer 101. For this reason, in the silicon
carbide semiconductor device described above, the ratio of
area occupied by C clusters 1 is set at not more than 40% in
interface region IR.

Here, the “ratio of area occupied by C clusters 1” is found
in accordance with the following procedures (a) to (d). Also,
“the ratio of area occupied by the carbon portion” is found in
the same manner.

(a) First, samples (portions to be observed) for measure-
ment are acquired from the silicon carbide semiconductor
device. In doing so, the samples can be acquired from any
locations but are desirably acquired from selected five points
at least including the following three points: a central portion
of electrode layer 101 when viewed in a plan view; and end
portions thereof facing each other with the central portion
being interposed therebetween. Here, the expression “when
viewed in a plan view” is intended to mean a field of view
when viewing the main surface of electrode layer 101 in the
normal direction thereof.

(b) For acquiring the samples, a micro Sampling® method
is suitable. Namely, using an FIB (Focused lon Beam) appa-
ratus, the samples are obtained by processing the circumfer-
ences of the portions to serve as the samples, attaching probes
onto the portions, and cutting the bottom portions of the
portions. Then, the samples are acquired together with the
probes, the probes are separated by the FIB, and then the
samples are formed into thin pieces by the FIB.

() Next, in each of the samples thus acquired, an image of
the interface between electrode layer 101 and SiC semicon-
ductor layer 100 is captured using an STEM (Scanning Trans-
mission Electron Microscope), thereby obtaining an HAADF
(High-Angle Annular Dark-Field) image. On this occasion,
an observation magnification of the STEM is about 100000x
to 1000000x, for example.

(d) In the HAADF image, the brightness of each pixel is
extracted with respect to interface region IR included in elec-
trode layer 101 and located up to 300 nm from the interface
between electrode layer 101 and SiC semiconductor layer
100, and the number of pixels for each extracted brightness is
counted. The brightness thus obtained is converted into a
relative value assuming that the maximum value of the bright-
ness is 100, and a frequency distribution (see FIG. 5, for
example) is obtained. In this frequency distribution, it is
defined that pixels having a brightness equal to or less than the
mean value (value with which the relative value of the bright-
ness becomes 50) result from carbon, and the “ratio of area
occupied by the carbon clusters” can be calculated in accor-
dance with the following formula (I):

(Ratio of Area)=(the Number of Pixels for Carbon in
Interface Region IR)/(the Number of All the Pix-
els in Interface Region IR)

®-

On this occasion, when the plurality of samples are acquired
as described above, it is desirable to use arithmetic mean
values thereof. It should be noted that when the thickness of
electrode layer 101 is less than 300 nm, the whole of electrode
layer 101 is regarded as interface region IR.

When viewing the present disclosure from still another
perspective, the silicon carbide semiconductor device
includes: silicon carbide semiconductor layer 100; and elec-
trode layer 101 in ohmic contact with silicon carbide semi-
conductor layer 100. Electrode layer 101 includes a region R1
having first thickness T1 and a region R2 having second
thickness T2 thinner than first thickness T1. In the silicon
carbide semiconductor device, the carbon clusters 1 may be
contained in region R2 having second thickness T2.
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Region R1 having first thickness T1 and region R2 having
second thickness T2 are formed when SiC semiconductor
layer 100 and electrode layer 101 are brought into ohmic
contact with each other by means of irradiation of pulsed
laser. Namely, laser annealing by the pulsed laser causes
unevenness in heating depending on pulse spacing, with the
result that region R1 having first thickness T1 and region R2
having second thickness T2 are alternately formed in, for
example, the scanning direction of the laser. As described
above, when the laser is applied to generate C clusters 1 also
in region R2 having such a thin thickness, the ohmic contact
between SiC semiconductor layer 100 and electrode layer
101 is secured and the contact resistance becomes low and
good.

Carbon cluster 1 preferably has a size of not less than 10 nm
and not more than 100 nm. This is because when the size of C
cluster 1is less than 10 nm, an aggregate in the form of a layer
is likely to be formed. Moreover, when the size of C cluster 1
is more than 100 nm and C cluster 1 is diffused to the vicinity
of'the surface of electrode layer 101 in cases where die bond-
ing electrode layer 102 is formed on electrode layer 101,
adhesion is presumably affected between electrode layer 101
and die bonding electrode layer 102. Therefore, the size of
carbon cluster 1 is preferably not more than 100 nm.

Here, the expression “size of the carbon cluster” is
intended to mean anunidirectional particle diameter (“Feret’s
diameter”) of the C cluster in the above-mentioned HAADF
image (cross section of electrode layer 101 in the thickness
direction).

[2] Electrode layer 101 preferably contains nickel (Ni).
This is because the electric resistance of electrode layer 101
can be accordingly reduced.

[3] Preferably, electrode layer 101 further contains silicon
(81), and in a total of the number of atoms ofnickel and silicon
in electrode layer 101, a ratio of the number of atoms of'nickel
is not less than 68 atomic % and not more than 75 atomic %.

With electrode layer 101 containing Si, C clusters 1 can be
suppressed from being diffused into the surface layer of elec-
trode layer 101. By containing Ni and Si at the above-men-
tioned composition ratio, the electric resistance of electrode
layer 101 can be reduced further.

Details of Embodiment of the Present Invention

The following describes an embodiment of the present
disclosure (hereinafter, referred to as “the present embodi-
ment”) in detail, but the present embodiment is not limited
thereto.

[Silicon Carbide Semiconductor Device]

FIG. 1 is a schematic cross sectional view showing one
example of a configuration of a silicon carbide (SiC) semi-
conductor device 1000 according to the present embodiment.
SiC semiconductor device 1000 is a vertical type MOSFET
(Metal Oxide Semiconductor Field Effect Transistor) having
aplanar structure. SiC semiconductor device 1000 includes a
SiC semiconductor layer 100 having a first main surface P1
and a second main surface P2 located opposite to first main
surface P1. SiC semiconductor layer 100 includes a single
crystal layer 11 and an epitaxial layer 12. Single crystal layer
11 is made of SiC having a 4H type crystalline polymor-
phism, for example. Single crystal layer 11 and epitaxial layer
12 have, for example, n conductivity type.

Epitaxial layer 12 is a semiconductor layer epitaxially
grown on single crystal layer 11 and has various impurity
regions (a body region 13, an n+ region 14, a contact region
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18). On epitaxial layer 12, a gate insulating film 15, a gate
electrode 17, a source electrode 16, and a front-surface-side
pad electrode 19 are formed.

Formed on second main surface P2 are: an electrode layer
101 (ohmic electrode) in ohmic contact with SiC semicon-
ductor layer 100; and a die bonding electrode layer 102
formed on electrode layer 101. In SiC semiconductor device
1000, electrode layer 101 and die bonding electrode layer 102
serve as a drain electrode. Die bonding electrode layer 102 is
composed of titanium (T1), aluminum (Al), Ni, gold (Au), or
the like, for example.

FIG. 2 is a schematic partial cross sectional view showing
one example of a configuration of an interface between SiC
semiconductor layer 100 and electrode layer 101. SiC semi-
conductor layer 100 and electrode layer 101 are brought into
ohmic contact with each other by laser annealing. Accord-
ingly, electrode layer 101 is provided with regions R1 each
having a first thickness T1 and regions R2 each having a
second thickness T2 thinner than first thickness T1. They are
formed due to unevenness in heating caused depending on
pulse spacing of the laser. In this case, regions R1 and regions
R2 are formed alternately in, for example, a scanning direc-
tion of the laser and both contain C clusters 1. When the laser
is applied to generate C clusters 1 also in regions R2 having
such a thin thickness, the ohmic contact is secured between
SiC semiconductor layer 100 and electrode layer 101.

Here, first thickness T1 is not less than 300 nm, for
example. Moreover, for example, first thickness T1 is not less
than 1.2 times, preferably not less than 1.5 times, and particu-
larly preferably not less than 2.0 times as large as second
thickness T2.

When viewing from a different perspective, in SiC semi-
conductor device 1000, C clusters 1 are contained in an inter-
face region IR located up to 300 nm from an interface between
SiC semiconductor layer 100 and electrode layer 101 in elec-
trode layer 101. In SiC semiconductor device 1000, a ratio of
area occupied by C clusters 1 in interface region IR is not less
than 10% and not more than 40%.

By thus defining the ratio of area occupied by C clusters 1,
carbon separated from SiC is formed into clusters and distrib-
uted appropriately, thereby securing the ohmic contact
between electrode layer 101 and SiC semiconductor layer
100.

FIG. 3 is a schematic cross sectional view showing a state
of the electrode interface when the ratio of area occupied by
C clusters 1 is less than 10%, for example. When the ratio of
area occupied by C clusters 1 is less than 10%, small C
clusters are aggregated into a carbon layer 10, thereby hin-
dering the ohmic contact between SiC semiconductor layer
100 and electrode layer 101. On the other hand, when the ratio
of area occupied by C clusters 1 becomes more than 40%, C
clusters 1 are distributed in the whole of electrode layer 101,
thus resulting in increased electric resistance of electrode
layer 101. The ratio of area occupied by C clusters 1 is more
preferably not less than 10% and not more than 30%, and is
particularly preferably not less than 10% and not more than
20%.

The ratio of area occupied by C clusters 1 in interface
region IR can be controlled in accordance with, for example,
laser irradiation intensity during the laser annealing. How-
ever, absorption of energy is changed due to the differences in
various conditions as described above, so that it is not appro-
priate to determine a condition for laser irradiation intensity
indiscriminately. Hence, the condition is desirably found, for
example, in the following manner: while changing the laser
irradiation intensity in a range of about 1.0 J/cm* to 3.0 J/cm?,
the ratio of area occupied by C clusters 1 is measured to find
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a condition with which the value of not less than 10% and not
more than 40% can be attained. In doing so, the wavelength of
the laser is desirably set to be a wavelength corresponding to
the band gap of SiC (wavelength of not more than 386 nm),
such as a third harmonic wave (wavelength of 355 nm) of
YAG laser or YVO, laser. Moreover, the pulse width of the
laser may be appropriately adjusted in a range of not less than
10 ns and not more than 10 ps, for example.

The term “laser irradiation intensity” herein refers to an
energy density at the time when a range of laser output up to
the laser output reaching a value 1/e times as great as a peak
value (“e” representing a Napier’s constant) is defined as a
laser irradiation range and it is assumed that 100% of laser
energy is included within that irradiation range.

Each of the C clusters preferably has a size of not less than
10 nm and not more than 100 nm. Because C clusters each
having a size of not less than 10 nm are unlikely to be formed
into a layer, by performing annealing to attain C clusters each
having a size of not less than 10 nm, the ohmic contact can be
more securely attained between electrode layer 101 and SiC
semiconductor layer 100.

On the other hand, when the size of each of the C clusters
becomes more than 100 nm and such C clusters are diffused
into the surface layer of electrode layer 101, adhesion may be
affected between die bonding electrode layer 102 and elec-
trode layer 101 both formed on the surface of electrode layer
101. Therefore, the size of the C cluster is preferably not more
than 100 nm. The size of the C cluster is more preferably not
less than 30 nm and is particularly preferably not less than 50
nm.
[Electrode Layer]|

Electrode layer 101 may be formed by a sputtering method
or vapor deposition method, for example. Electrode layer 101
has a thickness of about 50 to 1000 nm, for example.

An element of electrode layer 101 can be exemplified by
Ni, Ti, tungsten (W), and molybdenum (Mo). Electrode layer
101 preferably contains Ni among them. Thus, electrical
resistance can be lowered. Electrode layer 101 may be com-
posed of a single element or of a plurality of elements. For
example, electrode layer 101 may be composed of Ni and Si.
With electrode layer 101 containing Si, the C clusters are
suppressed from being diffused entirely in electrode layer
101, thereby reducing electric resistance. In electrode layer
101, Ni and Si may be in a state of a mixture, or may form an
intermetallic compound such as nickel silicide (Ni,Si).

When electrode layer 101 contains Ni and Si, the number
of'atoms of Ni is preferably not less than 68 atomic % and not
more than 75 atomic % in the total number of atoms of Niand
Si. When the ratio of Ni is less than 68 atomic %, the electric
resistance is likely to become high, whereas when the ratio is
more than 75 atomic %, the amount of Si is insufficient to
presumably result in failing to appropriately suppress the
diftusion of C clusters. The ratio of Ni in the total of the
number of atoms of Ni and Si is more preferably not less than
69 atomic % and not more than 74 atomic %, and is particu-
larly preferably not less than 70 atomic % and not more than
73 atomic %. Such an atomic concentration can be measured,
for example, with energy dispersive X-ray spectrometry
(EDX), secondary ion mass spectrometry (SIMS), or the like.
It should be noted that electrode layer 101 may contain an
impurity inevitably introduced during formation.

[Evaluations]

The following describes the present embodiment more in
detail with reference to Examples, but the present embodi-
ment is not limited to these.
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[Production of SiC Semiconductor Device]

SiC semiconductor devices (MOSFETs) were produced in
below-described manners and a ratio of area occupied by C
clusters in interface region IR and a diffusion state of the C
clusters in the electrode layer were checked. Here, samples 1
and 2 correspond to Examples and samples 3 and 4 corre-
spond to Comparative Examples.

[Sample 1]

SiC semiconductor layer 100 was prepared which had n
type conductivity type and had first main surface P1 and
second main surface P2 located opposite to first main surface
P1. An element structure was formed at the first main surface
P1 side, and then the sputtering method was employed to form
electrode layer 101 containing Ni and Si on second main
surface P2. On this occasion, electrode layer 101 had a thick-
ness of 230 nm and was adjusted to have the following atomic
ratio of Ni and Si: Ni:Si=72:28.

Next, laser annealing was provided to bring electrode layer
101 and SiC semiconductor layer 100 into ohmic contact with
each other. On this occasion, the laser irradiation intensity
was set at 1.8 J/em®. Furthermore, on electrode layer 101, a Ti
layer, a Ni layer, and a Au layer were provided as die bonding
electrode layer 102 by the sputtering method. In this way, the
MOSFET according to sample 1 was obtained.

In accordance with the above-mentioned method, a sample
for STEM was acquired, thereby obtaining an HAADF image
shown in FIG. 4. Furthermore, in the same field of view, each
of'the elements, i.e., Si, Ni, and C was mapped. The results are
shown in FIG. 6 (Si), FIG. 7 (Ni), and FIG. 8 (C), respectively.
From FIG. 4 and FIG. 6 to FIG. 8, it is seen that C clusters 1
existed in interface region IR in sample 1.

Next, in FIG. 4, the brightness of each pixel was extracted,
the number of pixels for each extracted brightness was
counted to obtain a frequency distribution shown in FIG. 5,
and the ratio of area occupied by the C clusters in interface
region IR was calculated in accordance with the above-men-
tioned method. The result is shown in Table 1.

TABLE 1

Ratio of Area occupied by C Clusters in
Interface Region (%)

Sample 1 16.5

Sample 2 29.1

Sample 3 42.6

Sample 4 76.8
[Sample 2]

Sample 2 was obtained in the same manner as in sample 1
except that the thickness of electrode layer 101 was 800 nm
and the laser irradiation intensity was 1.9 J/cm?.

In accordance with the above-mentioned method, a sample
for STEM was acquired, thereby obtaining an HAADF image
shown in FIG. 9. Furthermore, in the same field of view, each
of'the elements, i.e., Si, Ni, and C was mapped. The results are
shown in FI1G. 11 (Si), FIG. 12 (Ni), and FIG. 13 (C), respec-
tively. From FIG. 9 and FIG. 11 to FIG. 13, it is seen that C
clusters 1 existed in interface region IR also in sample 2.

Next, in FIG. 9, the brightness of each pixel was extracted,
the number of pixels for each extracted brightness was
counted to obtain a frequency distribution shown in FIG. 10,
and the ratio of area occupied by the C clusters in interface
region IR was calculated in accordance with the above-men-
tioned method. The result is shown in Table 1.

[Sample 3]

Sample 3 was obtained in the same manner as in sample 1
except that the thickness of electrode layer 101 was 500 nm,
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the laser irradiation intensity was 2.0 J/ecm?, and a Ti layer, a
Ni layer, and an Al layer were provided as die bonding elec-
trode layer 102.

In accordance with the above-mentioned method, a sample
for STEM was acquired, thereby obtaining an HAADF image
shown in FIG. 14. Furthermore, in the same field of view, each
of'the elements, i.e., Al, Si, and C was mapped. The results are
shown in FI1G. 16 (Al), FIG. 17 (Si), and FIG. 18 (C), respec-
tively. From FIG. 14 and FIG. 16 to FIG. 18, it is seen that C
clusters 1 existed in interface region IR also in sample 3.

Next, in FIG. 14, the brightness of each pixel was extracted,
the number of pixels for each extracted brightness was
counted to obtain a frequency distribution shown in FIG. 15,
and the ratio of area occupied by the C clusters in interface
region IR was calculated in accordance with the above-men-
tioned method. The result is shown in Table 1.

[Sample 4]

Sample 4 was obtained in the same manner as in sample 1
except that the thickness of electrode layer 101 was 600 nm
and the laser irradiation intensity was 21 J/cm?>.

In accordance with the above-mentioned method, a sample
for STEM was acquired, thereby obtaining an HAADF image
shown in FIG. 19. Furthermore, in the same field of view, each
of'the elements, i.e., Si, Ni, and C was mapped. The results are
shown in FIG. 21 (Si), FIG. 22 (Ni), and FIG. 23 (C), respec-
tively. From FIG. 19 and FIG. 21 to FIG. 23, it is seen that
small C clusters were diffused entirely in electrode layer 101
in sample 4.

Next, in FIG. 19, the brightness of each pixel was extracted,
the number of pixels for each extracted brightness was
counted to obtain a frequency distribution shown in FIG. 20,
and the ratio of area occupied by the C clusters in interface
region IR was calculated in accordance with the above-men-
tioned method. The result is shown in Table 1.

[Results and Reviews]

From FIG. 4 (sample 1), FIG. 9 (sample 2), FIG. 14
(sample 3), and FIG. 19 (sample 4), it is seen that as the laser
irradiation intensity is higher, a degree of diffusion of C
clusters 1 is larger in electrode layer 101.

In FIG. 4 (sample 1), C clusters 1 are in the course of being
aggregated near the interface, and if the diffusion of the C
clusters is suppressed more than this, a carbon layer may be
formed to hinder the ohmic contact. From Table 1, in sample
1, the ratio of area occupied by C clusters 1 is 16.5% in
interface region IR. Therefore, the ratio of area is preferably
not less than 10%, and is more preferably not less than 16%.

InFIG. 9 (sample 2), C clusters 1 of about 10 to 100 nm are
generated. Moreover, in FIG. 9, C clusters 1 are diffused to
such an extent that they are properly away from the interface
between SiC semiconductor layer 100 and electrode layer
101 and are not spread entirely in electrode layer 101. There-
fore, in sample 2, it is considered that good ohmic contact is
obtained and increase in resistance of electrode layer 101 is
also suppressed. As shown in Table 1, in sample 2, the ratio of
area occupied by C clusters 1 is 29.1% (not less than 10% and
not more than 40%) in interface region IR.

Moreover, in FIG. 9 (sample 2), it can be confirmed that
regions R1 each having first thickness T1 and regions R2 each
having second thickness T2 thinner than first thickness T1 are
formed by the laser annealing and C clusters 1 are included in
region R2.

In FIG. 14 (sample 3), C clusters 1 are in a state of starting
to be distributed in the whole of electrode layer 101, and
therefore it is concerned that the electric resistance of elec-
trode layer 101 is increased. From Table 1, in sample 3, the
ratio of area occupied by C clusters 1 is 42.6% in interface
region IR.

Moreover, in sample 3, C clusters each having a size of
more than 100 nm are generated, and therefore it is concerned
that adhesion is decreased between electrode layer 101 and
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die bonding electrode layer 102. Therefore, the size of each C
cluster is preferably not more than 100 nm.

In FIG. 19 (sample 4), the size of each C cluster is small,
but the C clusters are diffused entirely in electrode layer 101
and therefore it is strongly concerned that the electric resis-
tance is increased. From Table 1, in sample 4, the ratio of area
occupied by C clusters 1 in interface region IR is 76.8%,
which is larger than that of sample 3. Therefore, in consider-
ation of the results of samples 3 and 4, the ratio of area
occupied by C clusters 1 in interface region IR should be not
more than 40%.

As described above, the contact resistance between SiC
semiconductor layer 100 and the ohmic electrode (electrode
layer 101) is considered to be low in the silicon carbide
semiconductor device including: SiC semiconductor layer
100; and electrode layer 101 in ohmic contact with SiC semi-
conductor layer 100, C clusters 1 being contained in interface
region IR located up to 300 nm from the interface between
SiC semiconductor layer 100 and electrode layer 101 in elec-
trode layer 101, the ratio of area occupied by C clusters 1
being not less than 10% and not more than 40% in interface
region IR.

FIG. 24 and FIG. 25 are schematic views for illustrating
configurations of samples 1 and 2 described above. In FIG. 24
and FIG. 25, the C clusters are illustrated as a carbon portion
2. As described above, the C clusters refer to a carbon portion
in the form of clusters. Therefore, a ratio of area occupied by
carbon portion 2 is the same value as that of the above-
mentioned ratio of area occupied by C clusters 1.

As shown in FIG. 24 and FIG. 25, in each of samples 1 and
2, in a case where electrode layer 101 is equally divided into
two in a thickness direction in one cross section of electrode
layer 101 in the thickness direction to obtain a first region rl
facing SiC semiconductor layer 100 and a second region r2
opposite to SiC semiconductor layer 100, an area of a carbon
portion 2 containing the carbon in first region r1 is wider than
an area of carbon portion 2 in second region r2. In the one
cross section of electrode layer 101 in the thickness direction,
at an interface region IR located up to 300 nm from an inter-
face between SiC semiconductor layer 100 and electrode
layer 101, carbon portion 2 includes a plurality of portions
disposed with a space interposed therebetween. Moreover, a
ratio of area occupied by carbon portion 2 is not more than
40% in the one cross section of electrode layer 101 in the
thickness direction. As indicated by the above-mentioned
evaluation, it is considered that samples 1 and 2 thus config-
ured attain good ohmic contact.

Though the present embodiment has been described with
reference to a MOSFET by way of example, the present
embodiment is not limited thereto and can widely be applied
to a silicon carbide semiconductor device such as an insulated
gate bipolar transistor (IGBT) or a Schottky barrier diode
(SBD). The silicon carbide semiconductor device may have
not only a planar structure but also a trench structure.

Although the present disclosure has been described and
illustrated in detail, it is clearly understood that the same is by
way of illustration and example only and is not to be taken by
way of limitation, the scope of the present invention being
interpreted by the terms of the appended claims.

What is claimed is:

1. A silicon carbide semiconductor device comprising:

a silicon carbide semiconductor layer; and

an electrode layer in contact with said silicon carbide semi-

conductor layer,

at least a portion of said electrode layer containing carbon,

in a case where said electrode layer is equally divided into

two in a thickness direction in one cross section of said
electrode layer in the thickness direction to obtain a first
region facing said silicon carbide semiconductor layer
and a second region opposite to said silicon carbide
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semiconductor layer, an area of a carbon portion con-
taining said carbon in said first region being wider than
an area of said carbon portion in said second region,
in said one cross section at an interface region located up to
300 nm from an interface between said silicon carbide
semiconductor layer and said electrode layer, said car-
bon portion including a plurality of portions disposed
with a space interposed therebetween, a ratio of area
occupied by said carbon portion being not more than
40%.
2. The silicon carbide semiconductor device according to
claim 1, wherein said electrode layer contains nickel.
3. The silicon carbide semiconductor device according to
claim 2, wherein
said electrode layer further contains silicon, and
in a total of the number of atoms of nickel and silicon in
said electrode layer, a ratio of the number of atoms of
nickel is not less than 68 atomic % and not more than 75
atomic %.
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